Session 3aPP: Auditory Physiology and Modeling (Poster Session) 3aPP9. Relationship of distortion product otoacoustic emission components to psychoacoustic measures of noise induced hearing loss Gavin Coad*, Glenis R. Long, David Welch and Peter R. Thorne *Corresponding author's address: Audiology, The University of Auckland, Auckland, 2012, Auckland, New Zealand, g.coad@auckland.ac.nz Distortion product otoacoustic emissions (DPOAEs) have promise as a tool to detect and monitor cochlear hair cell damage in noise-induced hearing loss (NIHL). However, variability in OAE amplitudes and thresholds across individuals limits their potential for detecting the early impact of NIHL. The DPOAE has two components, one generated at the point of interaction between the primaries (generator), the second reflected from the characteristic place of the DPOAE frequency (reflected). This study investigated the components of the DPOAE and how they correlate with injury. A total of 109 men, including 54 with varying degrees of occupational noise exposure, were tested. We recorded DPOAEs using logarithmically swept pure-tones and extracted the components of the DPOAE using a least-squares fit approach. Audiometry was conducted at 1.5 and 4kHz with 1dB resolution. Compressive nonlinearity was evaluated psychoacoustically with 1.5 and 4kHz pure-tones using Schroeder-phase maskers. Overall there were associations between the generator component and the psychoacoustic measures: stronger DPOAE amplitudes were associated with better thresholds and greater difference in Schroeder-phase masking threshold. Associations were stronger at 4kHz than 1.5kHz. Similar, but weaker effects were observed for the reflected component. Findings suggest that separation of DPOAE components enhances the assessment of cochlear noise-induced injury.
Introduction
A healthy auditory system behaves nonlinearly under normal circumstances (1, 2) . This non-linearity is partly responsible for many attributes of human hearing, including finely tuned frequency discrimination, its large dynamic range and the production of distortion product otoacoustic emissions (DPOAEs). The cochlear amplifier is a common term used to describe the active processes that occur in the cochlea which are related to the activity of the outer hair cells (OHC) and is responsible for the nonlinearity observed in human hearing. When two pure-tones (f1 and f2, where f2 is higher in frequency to f1) are presented to a normal ear they interact in the cochlea and produce combination tones (or distortion products) that travel from the cochlea to the ear canal where they can be recorded with a sensitive microphone as DPOAEs. The nonlinear distortion model predicts there are at least two components that combine to give the DPOAE recorded at the ear canal (3) (4) (5) (6) . These components, the generator and reflected components come from two different sites in the cochlea. The generator component originates where f1 and f2 overlap on the basilar membrane. These distortion products travel outwards along the basilar membrane in two directions: basally toward the ear canal to be recorded by the microphone and apically toward its characteristic frequency where it is reflected (the reflected component) and travels back to the ear canal where it mixes with the generator component to be recorded as a DPOAE (3) . Each component has its own level and phase, the phase of the reflected component changes rapidly as a function of frequency by comparison to the generator component. It follows that this interaction will alternate between a constructive and destructive depending on the phase relationship at particular primary frequencies. If f1 and f2 are incremented in small steps (10-50Hz) it is possible to observe this alternating pattern of maxima and minima as the phase relationship alters between the two components, this pattern is commonly referred to as DPOAE fine structure (7) .
Attempts to predict auditory threshold with DPOAE amplitude have had varying success, (8) (9) (10) . In general DPOAE amplitudes are smaller in those with hearing loss by comparison to those with good hearing, however the variability in the data is very large, and hence the overlap in data between those with good hearing and those with hearing loss makes it very difficult to accurately predict behavioural threshold with DPOAEs. DPOAE fine structure could contribute to the variability seen in DPOAEs and thus removing the fine structure may improve the correlation between DPOAE amplitude and audiometric threshold. Introducing a suppressor tone at a frequency near the distortion product frequency (or reflected component frequency) has been shown to remove or reduce the DPOAE fine structure (5, (11) (12) (13) . Kalluri and Shera (5) confirmed these results by applying an inverse fast fourier transform (IFFT) to window out the reflected and generator components of the DPOAE. Like the suppression method extracting out the reflected component removed the DPOAE fine structure. However, both methods have limitations as under or over suppression can leave residual fine structure or influence the generator component (5) and DPOAEs must be recorded in fine detail in order to compute the IFFT which may be too time consuming to make its way into a clinical setting. An alternative method developed by Long et al (6) utilises logarithmically sweep pure-tones in combination with a least squares fit approach to obtain a detailed measure of DPOAEs in much quicker time. The centre frequency of the least squares filter moves in time with the swept tones, by altering the width of the filter the authors were able to separate out the components of the DPOAE providing a time effective method to extract DPOAE components (6) . Extracting the reflected component may have further benefits beyond removing fine structure from the DPOAE. Low-level TEOAEs have also been used to predict noise induced PTS. Two recent studies have investigated the effects of continuous and impulse noise on audiometric thresholds and OAE levels of US Marine Corps recruits (14, 15) . The results showed no consistent association between OAEs and threshold shifts but low level or absent TEOAEs at pre-deployment or pre-weapons training were predictive of permanent threshold shift. Both studies indicate low stimulus level TEOAEs at 4 kHz is a good predictor of permanent threshold shift (PTS). Low stimulus level TEOAEs are thought to be predominantly reflected component OAEs and this suggests the reflected component of DPOAEs could be useful in detecting early noise induced hearing loss (NIHL).
Using the swept primaries approach developed by Long et al (6) we have recorded DPAOEs in a group of 109 males with a mixture of noise exposure and hearing loss to investigate the relationship between each component of the DPOAE and measures of hearing. Audiometry has its own limitations, as such we extended upon the standard New Zealand audiometric protocol; we used a Noise-History Calendar (16) to obtained a detailed description of each subject's noise exposure; we measured more detailed thresholds with 1dB rather than 5dB resolution and finally we utilised harmonic complexes, referred to as Schroeder-phase stimuli, to measure masked thresholds that give a supra threshold measure of cochlear compression. Altering the phase of a Schroeder-phase complex alters its masking effectiveness, the difference between a positive and negative Schroeder-phase masker (or difference in masker threshold (DMT)) can be as much as 30dB in those with good hearing (17) (18) (19) . Preliminary results are presented in this paper.
Methods

Subjects
One hundred and nine male subjects participated in this study (aged 19 to 69 years, mean 40.5 14.5sd). Audiometric thresholds were measured in 5dB steps using a modified Hughson-Westlake procedure at 250, 500, 1000, 1500, 2000, 3000, 4000, 6000, 8000, 10000, 12500, 14000, and 16000Hz with a GSI 61 audiometer. Thresholds were repeated at 1500 and 4000Hz with a 1dB steps size using a modified Hughson-Westlake procedure. Three responses were recorded at each frequency and the mean taken as the threshold. All subjects had type A tympanograms as measured with a GSI tympstar on the day of testing. Participants were asked to sit as quietly as possible while watching a DVD with subtitles while DPOAEs were recorded. All testing took place in a double walled sound treated chamber and stimuli were presented through an earplug placed in the right ear.
DPOAE Stimuli
DPOAEs where recorded using logarithmically swept primaries (6) with f 2 ranging from 1000 to 8000Hz and f 1 ranging from 820 to 6560Hz. Two sweeps were presented from lowest to highest frequency at a rate of 1s per octave giving a total time of 3s per sweep. The level of the sweeps (L 1 and L 2 ) were determined using the scissors paradigm (L 1 = 0.4*L 2 + 39dB (20)), with L 2 levels from 25 to 75dBSPL in 10dB steps. All stimuli were calibrated using a B&K type 4152 artificial ear and B&K type 2250 sound level meter with a type 4144 pressure-field 1'' microphone.
Data Collection and Analysis
All Stimuli were generated digitally at a sampling rate of 44100 Hz using custom programs for a Mac computer (OS X) connected to a MOTU Ultralite Firewire Audio Interface at 44100 samples/s and 24 bit resolution. The signal was passed through a headphone buffer (TDT HB6) to the subject via ER2 insert earphones placed in the subject's ear. The DPOAE was recorded using an ER10B+ microphone coupled to the same probe used to present the stimuli into the subject's ear. The DPOAE was then filtered and amplified by a Stanford SR560 low-noise amplifier before being digitized by the MOTU Ultralite and stored on disc for later analysis. An even number of sweeps was required for each level with a larger number of sweeps at low levels to improve the signal to noise ratio. White noise was used to evaluate the probe fit at least 4 times within the 2-hour session to monitor any significant changes or detect whether the probe had slipped out. All analysis took place offline. From the averaged data the level and phase of the DPOAE were determined using a least-squares fit (LSF) method (for reviews see 6). Long et al (6) have shown that by using LSF procedure on overlapping Hann-windowed segments of the averaged data, it is possible to extract out the combined DPOAE and its components by simply varying the width of the filter.
Schroeder-phase Stimuli
Thresholds were measured for a pure-tone signal in the presence of a simultaneous masker. The signals were 1500 and 4000 Hz pure-tones, 260ms in duration and gated with 30ms raised-cosine ramps. The masker was a harmonic complex stimulus constructed of equal amplitude pure-tones for all harmonics between 200 and 5000Hz for a 100Hz fundamental. The phases of each frequency component of the masker was determined using the Schroeder-phase equation (Θ n =-πn(n-1)/N) (21) , where Θ n is the phase in radians of the nth harmonic and N is the total number of harmonics. To generate a positive Schroeder-phase complex (+SCHR) replace the negative sign at the beginning of the equation with a positive sign. Both +SCHR and negative Schroeder-phase (-SCHR) stimuli were 320ms in duration and gated with 10ms raised-cosine ramps. The pure-tone signals were presented simultaneously with the Schroeder-phase stimuli and were always added in phase with the masker harmonic at the signal frequency. All stimuli were digitally using MATLAB and the masker and the signal were passed through a head phone buffer (TDT HB6) to the right ear via Sennheiser HDA 200 headphones. Thresholds were established using a three-interval three-alternative force-choice method with a two down one up adaptive procedure which establishes the 70.7%-correct point on the psychometric function (22) . Experiments were implemented in the STAIRCASE MATLAB toolbox (Grassi, Soranzo, & Borgo, in preparation). Intervals were presented as boxes numbered one to three on a flat screen positioned outside the window of the booth. Participants selected an interval using a keyboard, and feedback was provided after each trial. Threshold for the tone was determined after 12 reversals (step size, 8dB for the first 2 trials, 4dB for the second two trials and 2dB for the remaining 8 trials). The mean level of the final 8 trials was recorded as a threshold. This process was repeated three times and the mean was taken as the subject's threshold, the difference between the +SCHR and -SCHR thresholds was recorded as the subject's DMT.
Noise History
Each subject was asked to recall their lifetime exposure to noise in both the workplace and their leisure time using a noise calendar, which was a visual timeline going back to the beginning of their working life (Welch et al 2011) . A minimum level and duration of occupational noise exposure was established to extract subjects that may be exposed to significant levels and durations of noise that could be damaging to their hearing. Those with at least one year with 20hrs/week on average of noise exposure were deemed noise exposed.
Results and Discussion
Audiometry and 1dB Threshold
Four age groups were established with the total number of subjects (109) split into approximately equal sized groups (approximately 27). The age ranges were; 19-26, 27-39, 40-54 and 55-69 years, and will be referred to as quartile age groups (QAGs). The mean audiograms for each of the four groups showed an increasing high frequency hearing loss with age. The younger subjects show little hearing loss and only a slight drop in hearing in the noise exposed relative to those with no noise exposure. As age increases the noise notch becomes apparent in the 3 to 6kHz thresholds particularly for those with noisy jobs. The older subjects show the largest difference in thresholds between those in noisy occupations and those in quiet jobs. The 27-39 age group plot suggests a slight difference between the quiet and noisy groups around the noise notch and in frequencies above 10kHz. An interesting result was found in the 40-54 group, in contrast to the other groups, thresholds above 4kHz are worse in the quiet group than the noise exposed group, there is still an observable notch in the noise exposed subjects that is not as clear in the quiet group.
FIGURE 1
Box and whisker plots of 1dB thresholds at 1500 and 4000Hz split into quartile age and noise exposure groups. The age range for each group is plotted below graph in years, those with more than 20hrs/week of noise exposure on average noise over the year are labeled 'N' and those with less than 20hrs/week are labeled 'Q'.
A more detailed measure of threshold was recorded at 1500 and 4000Hz (Figure 1) . The box plots for the youngest age group are very similar for both frequencies, where the majority of thresholds are better than 20dBHL. As age increases the differences between each frequency becomes more apparent. The majority of the oldest age group has 4000Hz thresholds greater than 20dBHL. The opposite is true for 1500Hz where very few of the older subjects have thresholds worse than 20dBHL. Noise exposure in the workplace displays a greater influence on the 4000Hz threshold in the older subjects. The 10 th percentile is 22.9 for the oldest subjects in a noisy job therefore 90% of the oldest subjects with noisy occupations have thresholds greater than 20dBHL. Like standard audiometry the results are consistent with the literature showing that age and noise exposure have more effect on the 4000Hz threshold than the lower frequency (eg1500Hz) thresholds.
Schroeder-phase
There is very little change in the DMTs for a 1500Hz pure-tone across QAGs (Figure 2 ). In contrast, at 4000Hz there is a noticeable decrease in the DMTs across QAGs (Figure 2) . However, the spread of the data is very large in the oldest age group with a quiet job and suggests a good portion of these subjects have DMTs similar to the younger subjects. The oldest subjects in a noisy job have the lowest DMTs with an average of 5dB.
FIGURE 2
Box and whisker plots of Schroeder-phase DMTs at 1500 and 4000Hz split into quartile age and noise exposure groups. The age range for each group is plotted below graph in years, those with more than 20hrs/week of noise exposure on average noise over the year are labeled 'N' and those with less than 20hrs/week are labeled 'Q'.
The influence of age and threshold on the effectiveness of Schroeder-phase stimuli to mask pure tones was analysed at 1500Hz and 4000Hz. There was a more dominant effect of threshold on Schroeder-phase DMT at 4000Hz. The majority of thresholds above 35dBHL were associated with DMTs near zero, when threshold is less than 35dB there is a large spread in the DMT data in all age groups. These results are consistent with literature where hearing impaired subjects showed no or substantially reduced DMTs (Summers and Leek 1998).
Correlation Across OAE Frequency Range
We looked at the correlation of the DPOAE across all f 2 frequencies. Other studies have assumed that hearing threshold will have the strongest relationship with DPOAE amplitude of the same frequency and in most cases these researchers were using more traditional stimuli at a limited number of frequencies (8-10) and did not have access to the high resolution available with the swept primaries stimuli. To determine which DPOAE frequency correlates the best with each threshold, we correlated all of the DPOAE data with the thresholds at 1500 and 4000Hz. The correlation coefficients are plotted as a function of f 2 frequency for all measures of DPOAE in figure 3 . The generator component and the combined DPOAE show a similar pattern. In general the correlations are stronger with the 4000Hz threshold than the 1500Hz threshold. The correlation between the generator and combined DPOAE amplitude with the 4000Hz threshold varies greatly with changes in f 2 . The correlation coefficients increase steadily from approximately 0.3 when f 2 is near 1000Hz up to a peak of 0.8 above 4000Hz. The correlation between the combined DPOAE and the generator component with threshold at 1500Hz reveals a weaker relationship, but the maximal correlation is slightly above threshold frequency.
FIGURE 3
Correlation between reflected, generator and combined DPOAE amplitude at all f 2 frequencies with 1500 and 4000Hz 1dB threshold.
FIGURE 4
Correlation between reflected, generator and combined DPOAE amplitude at all f 2 frequencies and L 2 levels with 1500 and 4000Hz Schroeder-phase DMT.
The reflected component displays a different pattern of relationship with threshold. In general the correlations are weaker than that seen when the combined and generator DPOAEs are used. However, there is a definite peak in the correlation between the reflected component and the 4000Hz threshold when f 2 is 4500Hz and L 2 is louder than 45dBSPL. This peak is at a similar frequency to the peak seen in the combined and generator DPOAE but instead there is no gradual increase to a maximum, the peak appears over a narrow frequency range (Figure 3 ). The correlation with the 1500Hz threshold does not show the same peak, there is no obvious peak in correlation at all but the correlation is slightly stronger in the lower frequencies. In general the weakest relationship between OAEs and threshold occurs with an L 2 of 25dBSPL, the remaining stimulus levels produce a similar negative correlation with threshold which suggests higher thresholds will result in lower OAE amplitude and this correlation is maximal slightly basal to threshold frequency.
Schroeder-phase DMTs were positively correlated with threshold ( Figure 4 ). Correlation is stronger between all OAE amplitudes and DMTs at 4000Hz than with DMTs at 1500Hz. The pattern is similar between the generator and combined DPOAE and the correlation with 4000Hz DMT is maximal (approximately 0.5) when f 2 is slightly above 4000Hz. In contrast to threshold there is no obvious peak in correlation for the reflected component. The correlation between OAE amplitude and the 1500Hz DMT is weak for all f 2 with no obvious peak in correlation for all OAE types.
FIGURE 5
Correlation between reflected, generator and combined DPOAE amplitude at all f 2 frequencies at L 2 = 55dBSPL with 4000Hz 1dB threshold and Schroeder-phase DMT. Each plot shows the correlation for all subjects and for the noisy and quiet job groups as determined by the noise-history calendar. Those with more than 20hrs/week of noise exposure on average noise over the year are labeled 'Noisy Job' and those with less than 20hrs/week are labeled 'Quiet Job'.
Grouping subjects according to their lifetime noise exposure did not alter the strength or pattern of correlation between the 4000Hz threshold and generator or combined DPOAE amplitude ( Figure 5 ). Apart from a small difference around 3000Hz the correlation coefficients across the f2 range were very similar for all subjects regardless of noise history ( Figure 5 ). The reflected component did show some differences between the quiet and noisy groups when f2 is above 3000Hz, however the difference is not consistent and alternates between a positive and negative difference, which may be a result of noise contamination. In contrast to threshold there is a difference between the two groups for 4000Hz Schroeder-phase DMTs ( Figure 5 ) which is clearest for f2 above 4000Hz for all three OAE types. Correlation between DMT and OAE amplitude is consistently stronger for those with a noise history.
Focusing on the noisy job group we correlated all of the DPOAE data with the number of years of exposure above 20hrs/week on average. The DPOAEs amplitudes for higher frequency f2 showed the strongest correlation with years of noise exposure for the generator and combined DPOAE across L2 level. The reflected component again showed a small peak in correlation near 4500Hz for L2 above 45dBSPL
Conclusions
Thresholds obtained with audiometry and 1dB thresholds depart more from normal with age. The characteristic noise notch is more apparent in those estimated to be noise exposed based on noise calendar data. Schroeder-phase results are in line with the audiometry, as expected the majority of the younger subjects that have good hearing have larger DMTs and the older subjects with hearing loss have very small DMTs. What is interesting is the spread in the data for those with thresholds less than 35dBHL, further investigation to find out the basis for this spread is required.
The correlation between all DPOAE types with thresholds at 1500 and 4000Hz revealed the strongest associations between generator component and combined DPOAE amplitudes and the 4000Hz threshold. The swept primaries stimulus gives a high resolution picture of DPOAE amplitude and showed the maximal correlation did not occur at the threshold frequency, in fact, the largest correlation coefficients were consistently between OAEs from f 2 slightly higher or basal to the threshold frequency both at 1500 and 4000Hz. The relationship between the reflected component and 4000Hz threshold is weaker shows a different pattern, similar to the combined and generator OAEs the maximal correlation was basal to the threshold frequency. Splitting the subjects into two groups according to noise exposure determined with the Noise-History calendar showed a stronger correlation between OAE amplitude and Schroeder-phase DMTs for higher frequency f 2 in those with a noisy occupation in comparison to those with a quiet job. There was no difference observed in the correlation between the same two groups with 4000Hz threshold and suggests Schroeder-phase DMT may be more sensitive to noise exposure. These results are preliminary but show promise, but further analysis is required to explain some of the variation seen in the data.
